Leaf angle distribution (LAD) is one of the most important parameters used to describe the structure of horizontally homogeneous vegetation canopies such as field crops. LAD affects how incident photosynthetically active radiation is distributed on plant leaves, thus directly affecting plant productivity. Knowledge of LAD is also required for retrieval of other important biophysical variables from measurements of canopy radiation transmittance or spectral reflectance. Unfortunately, its determination is laborious and measured data is rarely available. In this study, we applied a recently developed method for determination of the inclination angles using leveled digital photography to the leaves of six cool-temperate crops: faba bean, narrow-leafed lupin, turnip rape, wheat, barley, and oat. The method, previously applied only to small and flat leaves of broadleaved trees and bushes, was extended to be applicable to the narrow and curved leaves of cereals. A reasonable match was found between the leaf angles determined by photographic measurements and the mean leaf tilt angles (MTA) measured using a LAI-2000 plant canopy analyzer for five out of the six species (R 2 = 0.92). The error caused by assuming a spherical LAD, when calculating LAI from canopy transmittance measurements, varied between 0 and 1.5 LAI units, depending on species. Finally, we analyzed the correlation between photographically determined species-specific LADs and airborne imaging spectroscopy data acquired for the same species in a similar growth stage. The highest correlation between spectral reflectance factor and leaf mean tilt angle was found at a wavelength of 748 nm (R = 0.80). The high correlation between MTA and this red edge waveband can be useful for MTA determination from imaging spectroscopy.
Introduction
In field crops grown under favorable conditions, leaves of neighboring plants form a (quasi-)continuous layer, called the vegetation canopy, that captures incident photosynthetically active radiation. The radiation fluxes reflected, transmitted and absorbed by plants determine canopy albedo, the light conditions below the canopy, and the amount of energy available for photosynthesis. The mean values of canopy radiation fluxes and the irradiance distribution on leaf surfaces, determined by the spatial distribution of leaves (in other words, canopy structure) have significant effects on the photosynthetic capacity of plants (Gutschick, 1991) . At the same time, canopy structure also largely determines what the canopy looks like when observed from above, for example, by a remote sensing instrument (Knyazikhin et al., 2012) . This creates a problem for retrieving canopy biophysical variables (e.g., chlorophyll content, leaf area index) using common remote sensing algorithms (Houborg et al., 2007; Viña et al., 2011) .
The amount of leaf cover in a vegetation canopy is commonly quantified using the Leaf Area Index (LAI), defined as hemisurface leaf area per unit horizontal ground area (Watson, 1947) . The second most commonly used structural characteristic of a vegetation canopy is the Leaf Angle Distribution (LAD) function, which is defined as the probability of a leaf element of unit size to have its normal within a specified unit solid angle. Assuming uniform distribution of leaf azimuth angles, LAD becomes the probability density function of the zenith angle Â L of leaf normal. For simple and horizontally relatively homogeneous canopies, the two quantities, LAD and LAI, are the only two structure parameters required for accurate prediction of reflected, transmitted and absorbed radiation fluxes (Ross, 1981; Lang et al., 1985) .
A set of mathematical LAD functions is commonly used to classify the measured leaf angle distributions (de Wit, 1965; Weiss et al., 2004) . Here, we use the planophile, spherical, and erectophile distributions in the formulation given by Weiss et al. (2004) , the abstract case of a canopy of exclusively horizontal leaves (horizontal LAD), as well as a canopy with the same proportion of leaf area at any angle (uniform LAD). Of these distributions, the erectophile canopy has the largest mean zenith angle of leaf normal (or, equivalently, the largest Mean leaf Tilt Angle, MTA) followed in order of decreasing MTA by canopies with spherical, uniform, planophile and horizontal LADs. Traditionally, LAD has been measured with mechanical inclinometers that have been put in a contact with leaf surfaces. This direct method is laborious and requires access to and careful measurement of a large number of leaf surfaces (Lang et al., 1985) . Modern alternatives to traditional inclinometer measurements include 3D digitizing of individual plant elements using specialized instrumentation (Sinoquet et al., 1998) and laser scanning (Hosoi et al., 2009 ), but these approaches are resource-demanding, resulting in a lack of data on the LADs of many crops. A common approach is then to use the spherical LAD, that is, to assume that leaves have no preferred orientation (Goudriaan, 1988; Campbell and Norman, 1998; Weiss et al., 2004) .
Indirect methods have been developed to retrieve the information on leaf inclination angles from measurements of radiation penetration of the canopy at different view angles (Lang, 1986) . Unfortunately, it is almost impossible to differentiate the effects of leaf angles on canopy transmittance from other structural influences.
A new method has been developed, based on analyzing leveled digital camera images of canopies consisting of flat leaves (Ryu et al., 2010a; Pisek et al., 2011 Pisek et al., , 2013 . This method, here called the photographic method, allows for a rapid, non-contact and accurate estimation of LAD (Ryu et al., 2010a) . It has shown potential to overcome many of the shortcomings of other LAD measurement techniques. The photographic method has been applied successfully to a number of broadleaf canopies (Pisek et al., 2011 (Pisek et al., , 2013 .
The aim of this research was to extend the photographic LAD estimation method to field crops with long non-flat leaves that do not have any unique inclination angle. We determined the LAD of six cool-temperate crops with diverse growth habits, and compared the results of the photographic method to a well-established technique based on the angular dependence of canopy transmittance and to literature values. Finally, we tested the potential for using crop LAD and transmittance measurements to calculate LAI and the influence of LAD on the spectral reflectance in visible and near-infrared wavebands.
Materials and methods

Study site
The study site was part of the Viikki Experimental Farm in Helsinki, University of Helsinki, Finland (60.224 • N, 25.021 • E, altitude 10 m above sea level). Six crop species, narrow-leafed lupin (Lupinus angustifolius L. 'Haags Blaue'), faba bean (Vicia faba L. 'Kontu'), turnip rape (Brassica rapa L. ssp. oleifera (DC.) Metzg. 'Apollo'), wheat (Triticum aestivum L. emend Thell. 'Amaretto'), barley (Hordeum vulgare L. 'Streif', 'Chill' and 'Fairytale') and oat (Avena sativa L. 'Ivory' and 'Mirella') were included in this study, representing three plant families and different growth habits, and widely grown throughout cool-temperate regions of the world (Table 1) . They were grown in four different field experiments and a single plot of each species was used for photographic determination of leaf angles in 2012. The values were considered to be typical to each species, i.e., we assumed crop LAD to be a species-specific parameter (Ross, 1981; Campbell, 1990; Campbell and Norman, 1998; Weiss et al., 2004) . Spectroscopic information on a set of 162 plots of these species had been obtained one year before photographic measurements, in 2011 in the same crop development stage. The number of plots of each species as well as the sizes of the plots for which spectral data was available varied between treatments, soil type and species (Table 1) . The row spacing for all crops was 12.5 cm and the canopy height was less than 1 m. Although three barley and two oat cultivars were used in 2011, variation between cultivars was small in comparison to that between species, and cultivar datasets were pooled.
Airborne imaging spectroscopy data
Imaging spectroscopy data was acquired on July 25, 2011, with the AISA Eagle II airborne imaging spectrometer (Specim Ltd., Oulu, Finland) onboard a twin-engine Piper PA-23 aircraft at a flying height of approximately 600 m. Measurements were carried out between 09:36 and 10:00 local time, when solar zenith angle varied between 50.4 • and 48.1 • . For each pixel, the measurement zenith angle was between zero and half of the sensor field of view (i.e., 0-18.9 • ) and the sensor azimuth angle measured relative to the solar direction was approximately 90 • .
Reflected radiation was measured in 64 channels spanning the visible and near-infrared parts of the solar spectrum (400-1000 nm) with a spectral resolution of 9-10 nm, and a spatial resolution of 0.4 m. The spectroscopic image was radiometrically calibrated using the CaliGeo software package (Specim Ltd., Oulu, Finland). Next, the data were georectifed using Parge (ReSe Applications Schläpfer, Wil, Switzerland) with the help of ground control points and the inertial navigation data recorded during the flight. Finally, the data were calculated to below-atmosphere hemispherical-directional reflectance factors using ATCOR-4 (ReSe Applications Schläpfer, Wil, Switzerland).
We extracted the spectral data corresponding to the 162 test plots and calculated the average reflectance spectrum for each plot. Finally, to cope with the large imbalance in the data set dominated by wheat and faba bean, we grouped the measurements by LAI values and calculated the averaged spectrum for each species and unit LAI interval ( Table 2 ). The grouped dataset consisted of 18 averaged spectra. However, for some analyses, the distribution of plots between species was non-significant and we treated the average spectrum of each of the 162 plots as a separate measurement.
Leaf area index measurement
The SunScan SS1 ceptometer bar (Delta-T Devices, Cambridge, UK) canopy analysis system was used to measure the LAI of the 162 test plots weekly in July 2011. By choosing the data with the date closest to the airborne campaign, the LAI data used in our analyses was collected within five days of the airborne data acquisition. SunScan was entered from one edge of the plot at about 45 • to the crop row direction in order to minimize row effects on LAI readings. The sampling scheme was designed to account for the small sizes of some of the plots. Measurements were always taken sufficiently far from the plot edge that the radiation reaching the sensor always entered the canopy through its top surface. The LAI value from each plot was the mean of 4-5 sequential SunScan readings. The SunScan instrument, consisting of 64 miniature sensors aligned on a one-meter rod, is used to measure downwelling photosynthetically active radiation above and below the canopy. A separate sensor measures the ratio of direct to diffuse downwelling irradiance. LAI is calculated from radiation measurements assuming an exponential extinction of radiation (i.e., the Beer-Lambert law) and a predetermined leaf angle distribution. Solar elevation is calculated from geographical coordinates and local time. Based on these data and the Beer-Lambert law of exponential attenuation of radiation, the instrument calculates the LAI of the canopy using an algorithm implemented in its hardware. The full details of the computations are given in the manual of the instrument (SunScan SS1 user manual version 2.0).
For a correct interpretation of the radiation transmittance measurements, the algorithm requires a priori information on the distribution of leaf inclination angles. In the LAI calculation algorithm, this distribution is quantified using the single parameter of the ellipsoidal leaf angle distribution (LAD) model proposed by Campbell (1986) . Although some species-specific values measured by Campbell and Norman (1998) are suggested in the manual, a common practice is to assume = 1 corresponding to spherical distribution of leaf normals (Goudriaan, 1988; Weiss et al., 2004 ) (i.e., leaves have no preferred orientation), as no reliable information on the actual leaf angles is usually available. The size of the error caused by assuming a wrong LAD depends on LAI, illumination conditions (i.e., solar angle and the fraction of diffuse sky radiation), and the actual LAD of the canopy (Ross, 1981; Lang et al., 1985) .
As no information on actual leaf angles was available to us during the measurements, we assumed a spherical distribution of leaf normals ( = 1). Later, we reanalyzed the SunScan-measured irradiances above and below the crop canopies with the same equations implemented in SunScan hardware to obtain more accurate LAI estimates and to quantify the errors caused by misrepresenting the crop LAD. The required ellipsoidal distribution parameter was calculated from MTA after solving Eq. (16) in Campbell (1990) for ,
The MTA values measured both by LAI-2000 (Section 2.5) and the photographic method were used to calculate more accurate LAI estimates from the SunScan transmittance data. The difference between the original ( = 1) and corrected ( from either LAI-2000 or photographic LAD measurement) was quantified using the Root Mean Square Difference (RMSD) and mean bias of LAI. 
Photographic measurement of leaf angles
The species-specific leaf angle distribution for the six crops was determined using a Nikon D1X digital camera (Nikon Corporation, Tokyo, Japan) approximately one year after the airborne campaign, on July 6, 2012. Photographs were taken with the camera fixed on a tripod and leveled using a bubble level in the flash shoe. The camera was placed outside the plots at a distance of about 1 m from the plot edge. The camera height was between 30 and 50 cm, depending on crop height. The barley and oat plots were surrounded by natural grasses that had to be cut to obtain an unobstructed view of the crops. The natural grasses were of approximately the same height as the crops and formed a continuous canopy. The plots of other species were surrounded by strips of bare soil. Five to six photographs were taken of each species growing in one or several plots.
The leaves of the three dicotyledonous crops (narrow-leafed lupin, faba bean and turnip rape) are flat and attached to the stem via a petiole. The inclination angles of the leaves of these species were determined from photographs using the ImageJ software (http://rsb.info.nih.gov/ij/) following the standard approach for photographic measurement of leaf angles (Pisek et al., 2011) : from the images, we selected 75-100 leaves oriented perpendicularly to the viewing direction and measured the angle between the zenith and the leaf surface normal (Fig. 1a) . Assuming a uniform distribution of leaf azimuth angles, the measured inclination angle distribution is representative for all leaves, not only the ones perpendicular to viewing direction. In addition to uniform leaf azimuth distribution, the photographic method is based on the assumption of independence of the size of a leaf and its inclination angle. Accounting for a correlation between these two variables requires a simultaneous recording of the size of each leaf. However, for flat leaves similar to those of the three species discussed here, the consideration of leaf size has been found unnecessary (Ryu et al., 2010a; Pisek et al., 2011) .
The leaves of the three cereal crops (wheat, barley and oat) are long, narrow and curved. No single leaf angle value can be associated with these leaves, so their inclination angles cannot be measured from the image directly. Hence, we visually divided the leaves in the images into measurable segments and measured the inclination angles of the segments that were perpendicular to the view direction (Fig. 1b) . Furthermore, as leaves can bend under their own weight, the areas of segments and their inclination angles cannot be assumed to be independent, so we recorded the relative lengths and locations of the segments in the photographs.
To convert the relative length coordinates into (relative) leaf areas, we scanned 20 leaves of each species with a portable document scanner. The leaves were divided into 10 segments of equal length and a fourth order polynomial was fitted as the leaf shape function, with which we calculated the relative (with respect to the total area of the leaf) area of each measured segment. The relative areas were later used as weights in calculating LAD.
Plant canopy analyzer measurements
LAI-2000 plant canopy analyzer (Li-Cor, Lincoln, USA) measurements were made on July 5-6, 2012, in plots of all six studied species, including the plots used for photographic measurement of leaf angles. In this study, LAI-2000 was adopted in order to estimate MTA values that were compared with the leaf angles obtained photographically. LAI-2000 measures downwelling radiation in five concentric rings. Measurements made above and below a vegetation canopy are used to calculate canopy transmittance. Next, the dependence of canopy transmittance as a function of view zenith angle is used to estimate the G-function (see Section 2.7). Finally, MTA is calculated after Lang (1986) , using an empirical polynomial relating leaf inclination angle to the slope of the G-function between 25 • and 65 • .
LAI-2000 measurements were made during 2 h before sunset to avoid direct solar radiation in any of the rings of the instrument. To exclude the observer, minimize edge effects and guarantee that the radiation reaching the sensor always entered the canopy through its top surface, a 180 • view restricting cap was used. The same sensor was used to record both below-and above-canopy readings. The measurements were taken along the edges of the plots and we avoided the situation that the sunlight traveled parallel to the row to exclude the row effect. Depending on plot size, 4-10 belowcanopy measurements were used to calculate the average MTA. The MTA values were computed with the FV2000 software downloaded from the website of instrument manufacturer.
Fitting the leaf inclination angle distribution
For leaves with a uniform distribution of azimuth angle, the LAD is fully described by the distribution of the leaf inclination angle. As demonstrated by Wang et al. (2007) , natural leaf angle distributions can be fitted reasonably well by the two-parameter beta distribution (Goel and Strebel, 1984) . The beta distribution has also been adopted in recent research on the photographic method for measuring LAD (e.g., Pisek et al., 2011 Pisek et al., , 2013 . Thus, the distribution of the leaf inclination angle Â L is quantified with the density function
where t = 2Â L / , Â L is the leaf inclination angle (or, the zenith angle of leaf normal), and B( , ) is the beta function. The two parameters and are calculated as
wheret and 2 t are the mean value and variance of t, respectively, and 2 0 is the maximum variance of t calculated as 2 0 =t(1 −t).
As described in Section 2.5, the statistical characteristics of the leaf angle distribution of the curved leaves of cereals were calculated using the relative areas of the leaf segments as weights. Thus, for these species,t and 2 t are the weighted mean and variance of t, respectively. To evaluate the size of the effect of weighting, we also used the non-weightedt and 2 t to fit the beta distribution function. Finally, we analyzed the relationships of the leaf angle statistics with both of the beta distribution parameters and to identify opportunities for making the assessment and modeling of leaf angle distribution quicker and easier.
G-function
The effect of leaf inclination angles on radiation attenuation can be described using the Ross-Nilson G-function (Ross and Nilson, 1965) , defined as the average projection of unit leaf area in the view direction. Under the assumption of uniform distribution of leaf azimuth angles, the projected area (i.e., the G-function) can be expressed as (Warren Wilson, 1967) :
where Â is the view zenith angle, Â L is the leaf inclination angle, and
Similarly to Pisek et al. (2011) , we calculated G (Â) from the beta distribution fitted to actual measurements, i.e., used the beta distribution function as the function f (Â L ) in Eq. (6).
Results
The leaves of the three cereal crops used in the study (wheat, barley and oat) had similar shapes (Fig. 2) . Moving along leaf midrib from the attachment point (relative coordinate 0), the width of the leaves increased somewhat with the maximum reached at relative coordinate values less than 0.2. After reaching the maximum, leaf width decreased monotonously up to the leaf tip (relative coordinate 1). The leaf shape functions could be fitted well with the fourth order polynomial function.
Faba bean, narrow-leafed lupin and turnip rape (Fig. 3a-c , respectively) showed a more horizontal LAD than the cereal crops, with their long and narrow leaves (Fig. 3d-f) . Disregarding the noise 3 . Leaf distribution probability density measured using the photographic method and fitted by the beta distribution: (a) faba bean, (b) narrow-leafed lupin, (c) turnip rape, (d) wheat, (e) barley, and (f) oat. The leaf inclination angle ÂL is measured from horizontal (ÂL = 90
• indicates a vertical leaf).
Table 3
Mean tilt angle (MTA), its variance , and beta distribution parameters ( , ) for the six species used in the study. The not weighted MTA was calculated for cereals only for illustrative purposes and was not used for calculating , , and . in the measured distribution function caused by the small sample sizes, the beta-function reproduced the measured distributions reasonably well. The effect of weighting is evident in Fig. 3d -f: weighting shifted the maximum of the LAD toward smaller leaf inclination angle values, but the differences were rather small, especially for wheat (Fig. 3d) . Based on our measurements, weighting the measured leaf inclination angles of cereal crops by the relative areas of leaf segments can alter Â L by as much as six degrees (Table 3 ). In our dataset, the values of varied between 1 and 8 while the range of was between 1 and 3 (Table 3) . A strong and negative linear correlation existed between MTA and (Fig. 4 , R 2 = 0.90) while was not correlated with mean leaf inclination angle (R 2 = 0.01).
The differences between the LADs of the cereals and other crops were also clearly visible when their G-functions were plotted as functions of view angles (Fig. 5a) . The G-function of faba bean made an excellent fit to the theoretical planophile LAD. The leaves of turnip rape were slightly more vertical than those of faba bean, and leaves of narrow-leafed lupin were close to horizontal. The G-function for barley, among the cereal crops, was closest to that of the uniform LAD. For oat, the G-function was indistinguishable from the spherical one (G (Â L ) 0.5), and the G-function for wheat was between those of the two other cereals. The G-functions in Fig. 5a were calculated with the weightedt and 2 t , taking into account the correlation between leaf segment size and its inclination angle. Weighting had a considerable effect on the G-function. Indeed, without weighting, the G-function of oat resembled that of an erectophile canopy (Fig. 5b) , but after weighting, it became independent of view angle (G(Â L ) 0.5). Similarly, weighting affected the G-functions of the two other cereal crops.
The MTAs of five species (excluding narrow-leafed lupin) acquired by the two approaches, LAI-2000 and photographic measurement, showed a strong correlation (R 2 = 0.92), but including narrow-leafed lupin reduced the correlation to non-significance (R 2 = 0.29). The MTA measured by the LAI-2000 was systematically larger (leaves seemed to be more vertical) than that determined using the photographic method. Generally, the difference was the largest for crops with more horizontal leaves (smaller MTA). The highest difference in MTA estimates produced by the two methods was for the outlier, narrow-leafed lupin, with a photographically determined MTA of 18 • , and an LAI-2000-determined value of 62 • .
The correlation coefficient R between MTA and spectral reflectance factor varied from 0 to 0.80. The lowest vales were obtained for red wavelengths (around 680 nm), and the correlation was at its highest in the red edge and near infrared. As expected, the correlation was stronger when narrow-leafed lupin was excluded from the dataset. However, even with all data included, the correlation coefficient between the photographically measured MTA and spectral reflectance reached 0.80 at 748 nm (Fig. 7) . The dependence of crop reflectance on MTA was negative: canopies with more vertical leaves had a smaller reflectance at 748 nm.
Use of species-specific MTA, via the parameter of the ellipsoidal LAD model (Table 4) , had a variable effect on the LAI values calculated from SunScan transmittance measurements (Fig. 9 , Table 5 ). While the corrected and uncorrected values were highly correlated (R 2 ≥ 0.98), the regression coefficient (slope of the linear regression fitted to corrected vs. uncorrected data) varied between 0.66 and 1.27, depending on species (Table 5 ). The regression coefficient for the photographic method never exceeded unity: according to this technique, none of the measured species had more vertical leaves than the spherical LAD. 
Discussion
Typically, crop LAD is considered species-specific (Ross, 1981; Campbell, 1990; Campbell and Norman, 1998; Weiss et al., 2004) as it tends to vary more between species (Houborg et al., 2007) than between cultivars. Furthermore, there was no significant correlation between leaf angle and time of day (i.e., solar zenith angle) for the species studied here (data not shown). Thus, we were able to combine measurements made on different years for cultivars in similar development stages. This assumption is validated by the general agreement of measured LAD (and more specifically, MTA) with the available data in the literature. The most extensive review of published leaf angle data for five of the species used in this study was given by Ross (1981) , but we found no information on previous measurements of turnip rape LAD and only one mention of narrow-leafed lupin.
The MTA of faba beans growing in Estonia was between 33 • and 36 • (Ross and Nilson, 1968; Mägi and Ross, 1969, quoted by Ross, 1981; unknown quotation in Ross, 1981) . These values somewhat exceed our measured result of 27 • (Table 3) and are slightly lower than the 37-44 • obtained from the -values given by Campbell and Norman (1998; Table 4 ). For the MTA of narrow-leafed lupin, Scott and Wells (1969) obtained 17 • in upper canopy layers and 30-40 • in lower layers, which is in agreement with our canopy-average value of 18 • . Varying values for the inclination angles of barley are available in the literature: 41 • was the average MTA value for different years and development stages measured in Estonia (Mägi and Ross, 1969, quoted by Ross, 1981) ; 25-35 • was reported by Abashina and Gorbachev (1977, quoted by Ross, 1981) during the growing season in the Kaluga region of Russia with no apparent temporal trend; Table 4 The ellipsoidal leaf angle distribution parameter calculated from LAI-2000 output and the photographic method. The values from the SunScan manual (originally reported by Campbell and Norman, 1998) Oat (weighted) Fig. 5 . The leaf projection function G(Â) calculated from beta distributions fitted to measured LADs as well as five theoretical LADs: (a) all measured species, the G-functions for cereals (wheat, barley, oat) were calculated using leaf-area-weighted beta distributions and (b) cereals, G-functions calculated both using weighted (symbols) and not weighted (lines) beta distributions.
Table 5
The effect of species-specific LAD on the inversion of SunScan transmittance measurements quantified by the Root Square Mean Difference (RMSD), mean bias, and the coefficient of determination, R 2 , between LAI values retrieved assuming a spherical LAD and a measured species-specific LAD. Negative bias indicates an underestimation of LAI when using the spherical LAD. Slope and intercept describe the corresponding linear model LAI (measured LAD) = f (LAI (spherical LAD)). and according to Scott and Wells (1969) , MTA increased from 44 • in the topmost canopy layer to 53 • at the bottom of the canopy. The MTA calculated from the elliptical distribution parameter value reported by Campbell and Norman (1998, see also (Goel and Strebel, 1984) , and a value of 43 • was measured for wheat growing in the Moscow region (Nichiporovich, 1961 , quoted by Ross, 1981 . The two values are markedly different from our result of 54 • , but the -value in Table 3 by Campbell and Norman (1998) yields MTA = 57 • . Additionally, Huang et al. (2006) reported that winter wheat cultivars showed a huge variation in LAD, from planophile to erectophile. Erect leaves have been favored in wheat breeding as the trait is under simple genetic control and contributes to yield (Reynolds et al., 2000) . Thus, at least for this species, the different results may reflect genetic variation. All our measurements are valid for a specific growth stage only. Different authors have reported variation of MTA with growth stage (de Wit, 1965; Ross, 1981; Goel and Strebel, 1984; Huang et al., 2006; Hosoi et al., 2009 ), but no apparent, universal and strong trends are visible in the data. Furthermore, LAD is known to vary systematically and significantly with height in a plant stand (Scott and Wells, 1969; Ross, 1981) . The photographic method enables measurement of this variation. Nevertheless, within-stand variations are difficult to incorporate into transmittance and a single average LAD is sufficient for numerous applications.
Weighting of the lengths of cereal leaf segments (as measured in a photograph) by their relative areas had a noticeable effect on both LAD (Fig. 3d-f ) and G-function (Fig. 5b) . In the dataset, the impact of the weighting on LAI retrieval from SunScan measurements was less than 0.4 (LAI units, both RMSD and mean bias).
The applicability of the species-specific (or, potentially, cultivarspecific) LAD is supported by strong correlations between photographic and LAI-2000 measurements (Fig. 6) , and between MTA and spectral reflectance (Figs. 7 and 8 ). For narrow-leafed lupin, however, the MTA measured by LAI-2000 (62 • ) was drastically different from that obtained by the photographic method (18 • ). It should be noted that the LAD output by the plant canopy analyzer is "effective", i.e., that fitting best the measured angular distribution of transmittance. The influence of canopy structural characteristics other than LAD is ignored, the canopy is assumed to be horizontally homogeneous, and the azimuth and zenith angles of leaves are considered to be independent. In reality, the narrowleafed lupin canopies in Viikki had a clear structure (Fig. 10) . Narrow-leafed lupin has palmately compound leaves attached with long petioles to nearly vertical stems. Thus, although individual leaflets may have a predominantly horizontal orientation as determined from the photographs, the regular distribution of leaflets in leaves and leaves along stems may lead to a violation of the Beer-Lambert law of radiation attenuation, an underlying assumption in optical LAD retrieval algorithms. Furthermore, the leaves of several lupin species have been reported to be heliotropic, i.e., they follow the course of the sun (Scott and Wells, 1969; Ehleringer and Forseth, 1989) . Heliotropism can violate the underlying assumption of isotropic distribution of leaf azimuth angles, and the independence of the azimuth and zenith angles of leaf normal. . The species-specific MTA values were grouped by LAI (ranging from 1 to 6, see Table 1 ).
The size of a symbol corresponds to its LAI value. vegetation structure (clumping) increases canopy transmittance mostly in near-zenith directions (Ryu et al., 2010b) , thus distorting the slope of G-function calculated from LAI-2000 measurements. Additionally, gap fraction measurements made even under diffuse sky can include non-ignorable amount of scattered radiation (e.g., Kobayashi et al., 2013) which increases gap fraction measurements. If the gap fraction increases by the same proportion in each ring, this will lead to an overestimation of MTA. However, other angular distributions of diffuse scattering may have an adverse effect on MTA estimation.
It would be expected that the LAI-2000 measured MTA values would correlate better (than photographic MTA) with canopy spectral reflectance as both phenomena are related to how incident radiation interacts with the canopy. Yet, this was not the case for most wavelengths (Fig. 7) . This may be a result of MTA variation with height inside the canopy: transmitted radiation is equally influenced by all canopy layers, including the bottom ones containing mostly near-vertical stems. Reflected radiation, on the other hand, mostly interacts with the leafy upper canopy layer, better characterized by the photographic measurement of LAD. Fig. 7 shows the great potential of determining MTA from singleangle spectroscopic remote sensing data using the spectral region known as the red edge (the region of rapid increase of reflectance with wavelength, between 720 nm and 776 nm in our spectral data). However, modeling exercises (e.g., Jacquemoud et al., 2009) have demonstrated that the effects of LAD and LAI on canopy reflectance are very similar and may be difficult to discriminate. Indeed, the spectral dependence of the strength of the measured correlation between MTA and spectral reflectance factor in Fig. 7 strongly resembles the modeled one obtained by Jacquemoud et al. (2009, Fig. 4 , the curve for ALA) using PROSAIL: at the long wave end of the red edge part of the spectrum where chlorophyll absorption is small, leaf angle has the largest contribution to crop reflectance. This can be viewed as an indirect validation of the model and we expect that, generally, other modeling results obtained by Jacquemoud et al. (2009) also apply to our measured data. The most important difference between the measured and modeled curve lies in the height and shape of the correlation maximum in the red edge (at 748 nm) and the complete lack of correlation in red. Therefore, our data together with other empirical evidence (e.g., Huang et al., 2006) justifies further investigations on the use of these two wavebands for retrieving crop LAD.
An interesting feature found in our data is the strong correlation between the parameter and MTA (Fig. 4) . The correlation can be interpreted by analyzing Eq. (3). The first factor determining , (1 −t) is strictly positive and a decreasing function oft, the MTA value normalized to range between 0 and 1. Next, ift and its standard deviation 2 t are strongly correlated (i.e., 2 t ≈ kt, the second factor ( 2 0 / 2 t ) − 1 can be rewritten as ( 2 0 /kt) − 1 = (1/k)(1 −t) − 1. Clearly, the last expression is a decreasing linear function oft. In our measured data, the correlation betweent and 2 t was strong and linear (R 2 = 0.66) while 2 t /t was uncorrelated witht (R 2 = 0.05, data not shown here). The true nature of the correlation -why horizontal leaves had smaller variation in their leaf angles compared with canopies of more vertical leaves -and its universality remain to be explored. A similar trend, although considerably weaker, can be seen in the leaf angle data from numerous bushes and trees growing in botanical gardens in Helsinki (unpublished data). Nevertheless, from the 58 deciduous broad-leafed tree species common to temperate and boreal climate (Pisek et al., 2013) ,t and 2 t were uncorrelated and, for these species, both and are required to calculate MTA.
The investigation described here includes only six different crop species measured once during the growing season. However, the results are promising and, in the future, the LADs of other crops can be determined using the photographic method. The photographs were taken of the edges of the plots which may affect the measurements in a yet undetermined way. Future studies should analyze the effect of plot edge on leaf angle, existence of preferred leaf azimuth angles, and the contributions of petioles, stems and other plant organs.
Conclusions
The results of the study confirm that the photographic technique can be used to measure the leaf angle distributions of field crops. Long and curved leaves of crops such as cereals should be divided into segments and the relative contribution of each segment to the final LAD should be determined by its relative area. The high correlation between canopy reflectance in the red edge (at 748 nm) and the mean inclination angle of leaves shows a potential for developing a robust algorithm of remote sensing of the leaf inclination angles of field crops.
